Introduction
Aquilaria malaccensis is a tropical tree belonging to the family Thymelaeaceae. The genus has been listed in the Appendix II of the Convention on International Trade in Endangered Species of Wild Fauna and Flora (CITES 2014) since 2005 and classified as vulnerable in the International Union for Conservation of Nature Red List data (IUCN 2014) . A. malaccensis is one of the principle sources of agarwood, a highly commercial resinous wood and one of the valuable non-timber products in Asian tropical forest. Agarwood formation in Aquilaria stem is a type of defense response to either one of these factors: mechanical wounding, fungal infection, herbivory, chemical, whether singly, or in combination (Ng et al. 1997; Pojanagaroon and Kaewrak 2005; Mohamed et al. 2014; Thanh et al. 2015) . This involves the activation of defense genes and those in the synthesis pathway of secondary metabolites (Wink 2011) . Analyses of commercial agarwood oil and chips reveal various phytochemical compounds such as derivatives of terpenoids, phenolics, and chromones as the main constituents (Yagura et al. 2005; Naef 2011 ). These compounds form a huge family of
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Electronic supplementary material The online version of this article (doi:10.1007/s11295-016-0993-z) contains supplementary material, which is available to authorized users. secondary metabolites in plants and are well known for their defense roles against a broad spectrum of organisms. Terpenoids specifically not only are found in abundance but also are extremely diverse. Information on the synthesis of terpenoid-based resins as a result of defense mechanism is widely available in temperate trees such as poplars, conifers, spruce, and grand fir (Keeling and Bohlmann 2006) . However, the same information is very limited for tropical species such as A. malaccensis.
A. malaccensis as a timber species takes a considerably long time to grow and to form the resinous wood upon suitable induction. Since the experiment using living trees is time consuming and multifaceted due to the natural elements, in vitro plant tissue culture has provided an alternative way. Several studies have reported the establishment of Aquilaria cells and callus cultures using tissue culture technique (Qi et al. 2005; Jayaraman et al. 2014 ). Interestingly, a major compound from agarwood identified as 2-(2-phenylethyl) chromones have been detected in Aquilaria cell suspension culture elicited by crude fungal extracts (Qi et al. 2005) , while another compound, sesquiterpenoids, has been found excreted by callus cultures induced with salicylic acid and methyl jasmonate (Okudera and Ito 2009) . Several important terpenoids such as eudesmol, guaiene, and alloaromadendrene oxide have been discovered from cell suspension culture of A. malaccensis when elicited with fungal extract (Jayaraman and Mohamed 2015) . These findings revealed that the study of agarwood formation under controlled environment has become possible.
To better understand agarwood formation, it is important and significant to study its molecular mechanism from a whole genome perspective. A search in the National Center of Biotechnology Information (NCBI) GenBank revealed that approximately 15,950 nucleotide sequences have been deposited for Aquilaria, of which approximately 95 nucleotide sequences belong to A. malaccensis (as of July 2015). The first transcriptome from Aquilaria was of a 3-year-old A. sinensis, sequenced using 454 pyrosequencing technique (Xu et al. 2013) . The transcriptome contains information relating to wound response in wood tissues, 2 h to 5 days after pruning. More recently, a draft genome library for A. agallocha has been reported (Chen et al. 2014) .
Here, we study the mechanism of agarwood formation pathway using callus culture by assembling transcriptome library from messenger RNA (mRNA) reads sequenced using next-generation sequencing of two libraries: healthy and senescing callus cultures. We compared gene expression profiles of the two libraries, annotate their functions, and assign their enzymatic pathways. Although agarwood is in high demand and of great value, its molecular mechanism of formation and related defense responses remain largely unknown. At present, there is no complete transcriptomic database available for A. malaccensis.
Materials and methods

Plant materials
Calli originated from leaf tissue of greenhouse-grown A. malaccensis trees were grown on Murashige and Skoog (MS) medium of pH 5.7, supplemented with 1.1 μM 1-naphthaleneacetic acid (NAA) and 2.2 μM 6-benzylaminopurine (BAP) at 25°C in dark condition in Magenta boxes for 35 days without subculturing into fresh medium (Jayaraman et al. 2014) . Healthy calli were harvested at day 20 during the active growth phase, while senescing calli were harvested on day 35 when the cells are in the death phase as revealed from the sigmoidal growth curve of the callus (Jayaraman et al. 2014) . Healthy calli were cream in color (Fig. 1a) and senescing calli were turning brown (Fig. 1b) when collected. Besides giving signs of low viability, the senescing calli secreted brownish substances on the culture medium. Three calli from each category (healthy and senescing) were pooled together and immediately frozen in liquid nitrogen and stored at −80°C. For quantitative real-time PCR (qRT-PCR) analyses, two healthy calli grown in one Magenta box were pooled and cut into tiny pieces about 1 × 1 mm using a sharp scalpel, then placed on the same medium, and harvested 0, 6, 12, and 24 h later. Three pools from three Magenta boxes were prepared to represent the biological replicates. RNA extraction and library construction RNA extraction was carried out using the RNeasy Plant Mini Kit (Qiagen, Germany), following the manufacturer's protocol, but with minor modifications. The starting material was increased to 1 g and the rest of the protocol was scaled up, respectively. The sample aliquots were all centrifuged in the same RNeasy spin column. The spin column membrane was washed twice between samples using Buffer RW1. The nucleic acid was eluted in 50 μL of DEPC-treated water and kept at −80°C. Total RNA samples of 20 μg for each sample were sent to the Michael Smith Genome Science Center, Canada (http://www.bcgsc.ca/), for Illumina sequencing. Each sample was subjected to one lane, 75-bp paired-end sequencing on an Illumina Hiseq2000 platform.
De novo transcriptome assembly
Raw reads were filtered using SAMTOOLS v.0.1.18 (Li et al. 2009 ) and FASTX-Toolkit v.0.0.13.2 (http://hannonlab.cshl. edu/fastx_toolkit). Reads were trimmed using a AWK command after the evaluation using FASTQC v.0.10.1 (http://www.bioinformatics.babraham.ac.uk/projects/fastqc). The clean reads were then used in de novo assembly using SOAPdenovo-Trans v.1.01 (Xie et al. 2014) . Paired-end read information, default parameters, k-mer size = 19, and the insert size of 350 bp were used. The SOAPdenovo-Trans assembly was further analyzed by merging contigs with overlapping similarities between generated contigs using TIGR Gene Indices clustering tools (TGICL) (Pertea et al. 2003) to generate final assembly produced by CAP3 assembler (Huang and Madan 1999) . Final assembled transcriptome library included both contigs and singletons.
Functional annotation
All assembled unigenes were searched using Basic Local Alignment Search Tool (BLAST 2.2.28+) against the NCBI non-redundant (NR) protein database (ftp://ftp.ncbi.nlm.nih. gov/blast/db/) using BLASTX tool with a cutoff E value of 1E−10. The BLAST output in xml format was imported into BLAST2GO software (Conesa et al. 2005) for Gene Ontology (GO) annotation. The sequences with corresponding enzyme commission (EC) numbers obtained from the annotation were mapped to the Kyoto Encyclopedia of Genes and Genomes (KEGG) metabolic pathway database. The numbers of unigenes annotated with each GO term for each library were quantified using WEGO software (Ye et al. 2006) .
GO enrichment analysis
A GO enrichment analysis was conducted to identify the functional categories that were enriched in the senescing calli transcriptome. The analysis was performed with Fisher's exact test, false discovery rates (FDR) <0.05 using BLAST2GO software (Conesa et al. 2005) . Default parameters were used for all analysis.
Quantifying gene expression
The paired-end reads from both samples were mapped against the assembled unigenes library using Bowtie v.0.12.9 (Langmead et al. 2009 ). Quality score was ignored and only one mismatch was allowed. The maximum insert size for valid paired-end alignments was set to 550. The alignments for a particular pair were suppressed if more than one reportable alignment exist for it. Thus, a set of unique alignments was produced. Read count of unique alignments for each sample was performed using a AWK command. Read count data was used as an input into DEGseq R package (Wang et al. 2010) . DEGexp function was used to identify differentially expressed genes from gene expression read count data. MA-plot-based method with random sampling model (MARS) was used. The p value threshold was set to 0.001.
qRT-PCR validation
One microgram of total RNA was used for cDNA synthesis using the QuantiTect® Reverse Transcription kit (Qiagen, USA). For each biological replicate, three assays (in three wells of a 96-well plate) were performed using the 2× SensiFAST™ SYBR Lo-ROX Kit (Bioline, UK) in the MX3005P™ QPCR Systems (Agilent Technologies, USA). PCR amplification reaction was carried out in 20 μL total volume of a mixture containing 10 μL of 2× SensiFAST™ SYBR Lo-ROX Mix and 0.2 μM of each primer. Genespecific primers were designed and analyzed using the Beacon Designer™ 7 software (Premier Biosoft, USA). TUA (Gao et al. 2012) and AcHISTONE (Kumeta and Ito 2010) genes were selected as internal controls. Primer sequences for TUA, AcHistone, HMGR, NPPS, GPPS, FPS, and GPS genes are listed in Table s1 . The cycling conditions were initial denaturation at 95°C for 2 min, followed by 40 cycles of 95°C for 5 s, 60°C for 10 s, and 72°C for 10 s.
Results and discussion
Transcriptome sequence assembly A total of 200,062,275 and 166,544,202 paired-end reads of length 75 bp for healthy and senescing calli were produced by Illumina Hiseq2000 sequencing. The reads that failed the platform quality checks in BAM format were filtered using SAMTOOLS. The quality of these raw reads was assessed using FASTX-Toolkit. The phred quality score (Q score) which is the logarithmic calculation of base calling error, assigned to each base of reads, was assessed. A cutoff threshold of Q score 20 was used, and reads with 50 % of their bases with Q score less than 20 were filtered. These filtered raw sequence reads were evaluated using FASTQC software. The final trim generated reads of 55 bp in length. A table summarizing the read statistics is shown in Table s2 . After filtering and trimming, these reads were used in de novo assembly using the SOAPdenovo-Trans and TGICL software. De novo assembly for healthy and senescing samples generated 142,190 and 117,074 unigenes with N50 size of 2293 and 2184 bp, respectively. The number of unigenes is defined as the number of contigs and the number of singletons, generated from the assembly process. After combining the reads from two libraries and removing repetitive sequences (10.7 %), a total of 231,594 unigenes were obtained.
BLAST annotation
The unigenes generated from the de novo assembly were aligned to the NCBI protein database for annotation. Annotation of all assembled unigenes was based on searches against NCBI non-redundant (NR) protein database using BLASTX tool. Every alignment with an E value <1E−10 was considered a significant hit. The alignment returned 107,593 (41.5 %) unigenes with significant hits to NR proteins. The top five species showing hits were Vitis vinifera (14.8 %), Glycine max (12.5 %), Arabidopsis thaliana (10.5 %), Populus trichocarpa (9.9 %), and Oryza sativa (8.0 %).
GO and KEGG annotation
BLAST2GO was used to assign GO annotation based on BLASTX matches to NR protein database. Out from a total of 107,593 unigenes that showed significant BLASTX alignment, 96,743 transcripts (89.9 %) were annotated with at least one GO term. The annotations were classified into the three main GO categories: biological processes (50.7 %), molecular functions (24.0 %), and cellular components (25.3 %). The distribution of gene functions based on these three main GO categories was similar in the two libraries (Fig. 2) .
The highly represented categories were "cellular process" and "metabolic process" (biological process), "binding" and "catalytic" activities (molecular function), and "cell," "cell part," and "organelle" (cellular component). Interestingly, "synapse" and "synapse part" categories (cellular component) were uniquely present in the senescing library while the "auxiliary transport protein" was poorly represented. One explanation could be that when callus come under pressure, such as being kept for too long in the growth medium, it intensifies cell-tocell communication by triggering neuron-like cellular components to spread duress signals. It can be deduced that the systemic signal is much preferred to protein-mediated cell communication to rapidly establish immunity in senescing callus.
The sequences with corresponding annotation information obtained from BLAST2GO were mapped to the KEGG metabolic pathway database. A total of 46,076 of unigenes were assigned to 144 KEGG pathways. Major metabolic pathways in A. malaccensis were identified. The constructions of these pathways indicate that the gene function annotations were biologically meaningful and the enzyme commission (EC) numbers have been correctly assigned to annotated unigenes.
GO enrichment analysis
BLAST2GO provides tools for the statistical analysis of GO term frequency differences between two sets of sequences using enrichment analysis. Healthy and senescing samples were examined to determine if they were overrepresented among any set of certain processes or pathways. The package uses Fisher's exact test to test all GO terms if they are enriched in a senescing sample when compared to healthy sample. Although the unigenes of senescing library were lower than those of healthy library (Table s2) , it showed an overexpression of unigenes related to defense response and sesquiterpene synthesis activity (Table s3 ). This result indicates that the prolonged growth in tissue culture medium can cause the callus to activate genes related to defense response and sesquiterpene biosynthesis, which are often associated to agarwood formation.
Differentially expressed gene
In this study, gene expression level was expressed as read counts obtained after the read mapping using BOWTIE. A total of 38,296 uniquely differentially expressed genes were obtained, including 10,929 (28.6 %) and 8166 (21.3 %) expressed uniquely in the healthy and senescing libraries, respectively, while 19,201 (50.1 %) unigenes were expressed in both libraries but at different levels. The differential expression attributes such as p values, q value, and log2 fold change were then calculated using DEGseq package. MA-plot-based method with random sampling model (MARS) was used since RNA sequencing is modeled as random sampling process (Jiang and Wong 2009) , in which each read is sampled independently and uniformly from every possible nucleotide in the sample. Based on this model, the number of reads coming from a gene follows a binomial distribution and could be approximated by a Poisson distribution. Log2 ratio is commonly used to measure relative mRNA expression between two samples (Bergemann and Wilson 2011) . It is interpreted as the average log-fold-change in gene expression between the healthy sample and senescing sample. The genes identified as differentially expressed were indicated as red dots in the MA-plot (Fig. s1) . After data normalization and cutoff threshold p value of 0.001, a total of 9599 genes were identified as differentially expressed. The analysis showed that 4690 unigenes were upregulated and 4909 unigenes were downregulated during senescing condition of callus culture. Among the differentially expressed unigenes, 3598 unigenes and 3911 unigenes were identified as upregulated and downregulated in both libraries, respectively.
A total of 4203 upregulated unigenes and 4379 downregulated unigens were functionally annotated with GO terms. Functional classification of these differentially expressed unigenes showed that they were highly expressed in "primary metabolic process," "macromolecule metabolic process," and "biosynthetic process" (Fig. 3) . The biological processes of "response to stress," "response to biotic stimulus," "response to abiotic stimulus," "regulation of response to stimulus," "regulation of immune system process," "immune response, " "death," "cellular response to stimulus," "cell death," and "activation in immune response" were highly presented by the differentially expressed genes. Apparently, callus grown in culture medium responded to abiotic stress by activating its immune response; a prolonged incubation time (35 days in the medium) may have induced cell death mechanism leading to a permanent cessation of life to some parts of the callus. However, it does not go to the extent of death induction in one cell by another cell as evidenced from the downregulation of "cell killing" biological process. Indeed, stress response mechanisms had been activated in the senescing callus. New evidence has emerged that implicates the induction of defense responses and terpene biosynthesis in cultured cell suspensions of A. sinensis via the programmed cell death (PCD) mediated by reactive oxygen species (ROS) and salicylic acid signal (Liu et al. 2015) .
Enzymatic pathway involved in agarwood formation
KEGG pathways associated to agarwood formation are listed in Table 1 . They mainly represent phenylalanine metabolism, phenylpropanoid biosynthesis, flavonoid biosynthesis, and terpenoid biosynthesis. The number of genes under each category was similar in both libraries, although the senescing library had a slightly lower number of genes related to monoterpenoid and sesquiterpenoid/triterpenoid biosynthesis. In another study, the library of a mechanically wounded A. sinensis tree had a slightly higher number of unigenes related to sesquiterpenoid biosynthesis (Xu et al. 2013 ). The contradictory findings could be due to the condition of the tissues used in sequencing. In the latter case, the RNA was sourced from wood tissues collected 6 cm away from the site of wounding; generally, Aquilaria forms agarwood in a confined area close to the inflicted wound. In our case, the RNA came from senescing callus. Our results indicate that the senescing callus may be well progressing into death phase as indicated by the highly presented biological processes related to immune response and cell death (Fig. 3 ) and thus reducing expression of genes related to secondary metabolic processes. Study on KEGG maps had focused on the terpenoid biosynthesis pathway because it is related to the sesquiterpenoid biosynthesis. Sesquiterpenoid has been reported as one of the major constituents of agarwood (Yagura et al. 2003 ; Fig. 3 Functional classification of differentially expressed genes between healthy and senescing callus tissues based on GO term. The upregulated and downregulated genes were mainly categorized in the biological process Kumeta and Ito 2010; Naef 2011; Jong et al. 2014) . It is also produced in Aquilaria callus cultures induced with salicylic acid, methyl jasmonate, hydrogen peroxide, and fungal extracts (Okudera and Ito 2009; Jayaraman and Mohamed 2015; Liu et al. 2015) .
Enzymatic pathway of terpenoid backbone biosynthesis
The biosynthesis pathway of sesquiterpenoid has been well studied in model plant species (Yu and Utsumi 2009; Vranová et al. 2013) . The backbones are synthesized via the mevalonic acid (MVA) or the 1-deoxy-D-xylulose-5-phosphate/2-C-methyl-D-erythritol 4-phosphate (DXP/MEP) pathways (Table 2 , Fig. s2 ). For the MVA pathway (steps 1-6), the synthesis starts with the precursor acetyl-coenzyme A (CoA), catalyzes into acetoacetyl-CoA, then into 3-hydroxy-3-methyl-glutaryl-CoA (HMG-CoA), mevalonate acid (MVA), mevalonate acid 5-phosphate (MVAP), and mevalonate acid 5-diphosphate (MVAPP), and finally to the backbone isopentenyl diphosphate (IPP). In the above pathway, genes encoding for HMG-CoA reductase (HMGR), the first key enzyme in the pathway was upregulated in the senescing callus library together with HMGR (NADPH), indicating that HMGCoA was heavily turned into MVA. MVA kinase (MK) and MVAPP decarboxylase (MVPD) genes were also upregulated for the catalysis steps to produce IPP. This suggests that the MVA pathway had been activated in the senescing calli. For the DXP/MEP pathway, the synthesis starts with the precursor glyceraldehyde-3-phosphate and pyruvate, catalyzed into DXP, then into MEP, 4-(cytidine 5′-diphospho)-2-C-methyl-D-erythritol (CM), 2-phospho-4-(cytidine 5′-diphospho)-2-C-methyl-D-erythritol (PPCM), 2-C-methyl-D-erythritol 2,4-cyclodiphosphate (CMP), and 1-hydroxy-2-methyl-2-butenyl 4-diphosphate (HMBPP), and finally to the backbone IPP. The gene encoding for DXP synthase (DXPS), the first rate-limiting enzyme in the DXP pathway (steps 7-12, Table 2), was upregulated in the senescing callus followed by DXP reductoisomerase (DXPR), which catalyzes DXP into MEP. However, the following consecutive genes in the steps of converting MEP into HMBPP, MEP cytidylyltransferase (MCT), CM kinase (CMK), CMP synthase (CMPS), and 4-hydroxy-3-methylbut-2-enyl-diphosphate synthase (HDS), were not differentially expressed (steps 9-12, Table 2 ). It appears that the bulk of IPP was sourced through the MVP pathway, as evidenced from the downregulated isopentenyldiphosphate delta-isomerase (IPI) gene.
IPP is the main building block in generating various types of terpenoids, after first being transformed into farnesyl diphosphate (FPP) and geranyl diphosphate (GPP) mediated by FPP synthase (FPS) and GPP synthase (GPS), respectively. FPS is the committing step for the biosynthesis of sesquiterpenoid. It is also a branch point enzyme that drives the two substrates into complex terpenoids such as diterpenoid and ubiquinone, with aid from downstream enzymes such as geranylgeranyl diphosphate synthase (GGPS) and all-transnonaprenyl diphosphate synthase (NPPS). Unfortunately, a clear trend of either being up-or downregulated were not detected indicating there are multiple genes controlling these enzymes that may act preferentially under one condition/ stimulant and not the other (Table 2) .
Mechanical wounding upregulated the expression of candidate genes
The expression of many of the upstream genes in the sesquiterpenoid biosynthesis pathway such as HMGR, MK, DXPS, DXPR, and CMPS has been reported in A. sinensis as early response to wounding via trancriptome analysis as well as qRT-PCR (Xu et al. 2013) . Others have also reported their activation in in vitro culture by addition of methyl jasmonate as shown from qRT-PCR (Chen et al. 2014) . These suggest similar genes in the sesquiterpenoid biosynthesis have been activated in senescing callus and wounded tree. However, the expression of the downstream genes beyond the sesquiterpene synthase genes (FPS) has not been tested. The genes selected were HMGR, GPS, FPS, GGPS, and NPPS (Fig. 4a-e) . The standard curves for all used genes showed PCR efficiencies between 91 and 112 %, while the generated dissociation curves showed single and sharp peaks for all primer pairs proving production of a single specific PCR product. Callus cultures of A. malaccensis were wounded, and total RNA were extracted from the callus at 6, 12, and 24 h after wounding. Unwounded callus tissue (0 h) was used as calibrator. Expression profile of HMGR revealed that it was highly elevated due to wounding by 17-fold higher at 6 h and continuously being upregulated to 20-fold at 24 h later (Fig. 4a) . This indicates that MVA pathway is highly activated as a response to wounding. Expression profile of GPS was gradually upregulated and reached 4-fold of expression at 24 h after wounding (Fig. 4b) . This signifies that GPP was actively synthesized from IPP via DXP/MEP pathway. The activation of both MVA and DXP/MEP pathways had provided the IPP precursor for FPS activity. FPS expression level was 2-fold than that of control at 24 h (Fig. 4c) . The activation of FPS directly influenced the high expression of GPPS (4-fold, Fig. 4d ), which catalyzes FPP into GGPP. NPPS expression was also upregulated to 5-fold (Fig. 4e) , inducing GPP transformation into nonaprenyldiphosphate (NPP). Both serve as substrates for multiple pathways in diterpenoid, carotenoid, ubiquinone, and other terpenoid-quinone biosyntheses. The upregulated expression of these candidate genes indicates that terpenoid biosynthesis pathway was activated after the callus culture was wounded.
Conclusions
This is the first attempt to study the transcriptome of A. malaccensis using NGS. Here, the first comprehensive transcriptome data was reported for callus culture of A. malaccensis, a non-model tree species of which little molecular knowledge is currently exists. De novo assembly was performed on RNA-Seq reads generated from mRNAs of healthy and senescing callus tissues. A total of 231,594 unigenes were assembled, and about 41.5 % of the unigenes showed significant alignment to the NCBI NR protein database. GO and KEGG annotations were assigned to the assembled transcriptome libraries, providing insight to the active metabolic pathways involved in agarwood biosynthesis. Stress response and terpenoid biosynthesis mechanism were found active in the senescing callus. Our findings indicate that prolonged growth in tissue culture without subculturing into fresh medium may yield agarwood compounds, albeit at low levels. This study provides abundant transcriptomic data and valuable sequence resources for future genetic, structural, and functional genomic studies in A. malaccensis. 
